Infections by ranaviruses such as Frog virus 3 (Fv3), are significantly contributing to worldwide amphibian population declines. Notably, amphibian macrophages (Ms) are important to both the Fv3 infection strategies and the immune defense against this pathogen. However, the mechanisms underlying amphibian M Fv3 susceptibility and resistance remain unknown. M differentiation is mediated by signaling through the colony-stimulating factor-1 receptor (CSF-1R) which is now known to be bound not only by CSF-1, but also by the unrelated interleukin-34 (IL-34) cytokine. Pertinently, amphibian (Xenopus laevis) Ms differentiated by CSF-1 and IL-34 are highly susceptible and resistant to Fv3, respectively. Accordingly, in the present work, we elucidate the facets of this M Fv3 susceptibility and resistance. Because cellular resistance to viral replication is marked by expression of antiviral restriction factors, it was intuitive to find that IL-34-Ms possess significantly greater mRNA levels of select restriction factor genes than CSF-1-Ms. Xenopodinae amphibians have highly expanded repertoires of antiviral interferon (IFN) cytokine gene families, and our results indicated that in comparison with the X. laevis CSF-1-Ms, the IL-34-Ms express substantially greater transcripts of representative IFN genes, belonging to distinct gene family clades, as well as their cognate receptor genes. Finally, we demonstrate that IL-34-M-conditioned supernatants confer IFNmediated anti-Fv3 protection to the virally susceptible X. laevis kidney (A6) cell line. Together, this work underlines the differentiation pathways leading to Fv3-susceptible and -resistant amphibian M populations and defines the molecular mechanisms responsible for these differences.
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Amphibian population die-offs resulting from the Frog virus 3 (Fv3) 3 ranavirus (family Iridoviridae) infections are significantly contributing to the worldwide amphibian declines (1, 2) .
Although much remains to be learned regarding the facets of amphibian immunity against these viral agents, macrophages (Ms) are now known to be integral to both the Fv3 infection strategy and to the amphibian host immune responses against this pathogen (3, 4) . Indeed, the capacity of the anuran (frogs and toads) amphibian Xenopus laevis to mount effective anti-Fv3 responses depends on appropriate M differentiation (5, 6) . As M differentiation depends on the activation of the colony-stimulating factor-1 (CSF-1) receptor, it is compelling that in addition to CSF-1 (7) (8) (9) (10) , this receptor may be engaged by the unrelated interleukin-34 (IL-34) (11-14), presumably contributing to the functional heterogeneity seen across vertebrate Ms. Our recent findings suggest that whereas the X. laevis Ms generated by CSF-1 render animals more susceptible to Fv3, the IL-34-derived M possess potent antiviral capacities and confer frog resistance to this viral pathogen (5, 6) . However, the molecular mechanisms conferring CSF-1-M susceptibility and IL-34-M resistance to Fv3 remain to be fully defined.
Because antiviral interferon (IFN) cytokines represent a major pillar of vertebrate antiviral defenses (7, 9 -11) , it is particularly notable that amphibians hold a key stage in the evolution of these soluble effectors. Mammals, birds, and reptiles possess three types of IFNs, type I, II, and III IFNs (15) , of which the type II IFNs mediate a variety of immunological roles, whereas the type I and type III IFNs predominantly participate in antiviral immunity (16) . The type I IFNs of these higher vertebrates are encoded by intronless genes, whereas their type III IFNs (also known as IFNs/IFNLs) are encoded by five exon/ four intron gene transcripts (16) . Conversely, teleost and cartilaginous fish do not appear to possess type III IFNs and encode type I IFNs with five-exon, four-intron organization (16) . Intriguingly, Xenopodinae amphibians possess type I IFN genes with the five-exon, four-intron intron gene organization of the fish counterparts; intronless type I IFNs akin to those seen in higher vertebrates; and intronless and five exon/four introncontaining type III IFN genes (17, 18) . Most notably, we recently demonstrated that X. laevis intron-containing type I and type III IFNs play important roles in anti-Fv3 responses (19 -21) .
Aside from antiviral IFN responses, the capacity of distinct cell types to support or minimize the replication of invading viral pathogens often correlates with their respective gene expression of antiviral restriction factors (24 -27) . Collectively, these cellular proteins present enormous structural and functional diversities and provide the first cellular lines of defense against viral infections by targeting and ablating distinct viral replication mechanisms (24 -27) . Whereas the expression of some of these restriction factors is enhanced by IFNs, others are constitutively expressed (24 -27) .
To delineate the mechanisms responsible for IL-34 -derived M antiviral resistance, and CSF-1-differentiated M susceptibility to Fv3, we compared these cell populations for their gene expression of select intron-containing and intronless type I and type III IFNs as well as the respective IFN receptor genes. Additionally, we examined the restriction factor gene expression levels of these M populations and compared the ability of Fv3 to replicate within CSF-and IL-34 -derived Ms. Moreover, we examined the ability of CSF-1-M-and IL-34-Mconditioned supernatants to restrict Fv3 growth in an otherwise highly Fv3-susceptible X. laevis kidney epithelial cell line (A6).
Results

IL-34-Ms are more restrictive to Fv3 replication
We previously demonstrated that X. laevis Ms differentiated with IL-34 are resistant to Fv3 infection, whereas CSF-1derived Ms are significantly more susceptible to this virus (5, 6) . Accordingly, to examine whether CSF-1-Ms support greater Fv3 replication than IL-34-Ms, we differentiated IL-34-and CSF-1-Ms from X. laevis bone marrow cells, challenged them with Fv3, and assessed the viral loads and expression of Fv3 82R (immediate early, IE), Fv3 95R (delayed early, E), and Fv3 93L (late, L) genes in these respective M populations. As previously noted, CSF-1-Ms possessed significantly greater Fv3 loads than detected in the IL-34-Ms ( Fig. 1A) . Moreover, CSF-1-Ms possessed substantially greater magnitudes of Fv3-82R, -95R, and -93L gene expression than detected in IL-34-Ms ( Fig. 1B ). Of the examined Fv3 genes, 93L exhibited the greatest expression differences between CSF-1-and IL-34-M ( Fig. 1B) .
IL-34-Ms exhibit greater restriction factor gene expression than CSF-1-Ms
Because our results indicated that IL-34-Ms are more restrictive to Fv3 infection while the expression of appropriate restriction factors is crucial to adequate cellular arrest of viral replication (24 -27) , we next examined whether IL-34-M resistance to Fv3 could be attributed to more robust expression of such restriction factors. In comparison with CSF-1-Ms, IL-34-Ms exhibited a significantly greater expression levels of the apobec2 (apolipoprotein B mRNA-editing enzyme-2) and trim28 (tripartite motif-containing 28) restriction factors ( Fig.  2A ), which are known to suppress viral replication (22, 23) . Moreover, Fv3 is a dsDNA virus, and our result showed that IL-34-Ms also possessed more robust gene expression of samhd1 (SAM domain and HD domain-containing protein 1) and ctcf (CCCTC-binding factor) restriction factors, both of which are known to specifically target dsDNA viruses (24 -27) ( Fig. 2A ). By contrast, CSF-1-and IL-34-Ms had comparable mRNA levels of cyclophilin B (cypb) and rad21 ( Fig. 2A) .
We showed previously that, like other vertebrate CSF-1 receptor ligands (28, 29) , the frog CSF-1 and IL-34 chemoattract M precursors and induce their functional differentiation (5, 6) . In this respect, intraperitoneal injection of frogs with either recombinant CSF-1 or IL-34 results in peritoneal accumulation of Ms that morphologically (85-90%) represent the respective CSF-1-or IL-34-M populations (5, 6). Moreover, 
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and akin to their bone marrow-derived counterparts, the peritonea-derived IL-34-and CSF-1-Ms are respectively highly resistant and susceptible to Fv3 (5, 6) . To examine the extent to which restriction factor expression correlates with the Fv3 susceptibility of these M populations, we examined the expression of the same panel of restriction factor-encoding genes as above, in peritonea-derived CSF-1-and IL-34-Ms ( Fig. 2B) . Of the examined genes and in comparison with peritonea-derived CSF-1-Ms, the peritoneal IL-34-Ms only expressed greater levels of apobec2 (Fig. 2B ).
IL-34-Ms exhibit greater gene expression of introncontaining and intronless type I and type III IFNs than CSF-1-Ms
Xenopodinae encode highly expanded repertoires of phylogenetically distinct intron containing and intronless type I and type III IFNs (ifn, ifnx, ifnl, and ifnlx, respectively (17, 18) ). Accordingly, to define the possible mechanisms conferring the disparities in IL-34-and CSF-1-M-Fv3 resistance, we generated CSF-1-and IL-34-Ms, challenged them with Fv3, and examined their gene expression of type I and III IFNs belonging to each of the distinct clades, described in recent reports (17, 18) . In comparison with the CSF-1-M cultures, IL-34-Ms exhibited significantly greater gene expression of intron-containing type I IFNs (ifn1 and ifn7; Fig. 3A ), intronless type I IFNs (ifnx2, ifnx6, ifnx11, ifnx13, and ifnx20; Fig. 3 , B-D), and introncontaining and intronless type III IFNs (ifnlx1/2, ifnl3, and ifnl4, respectively; Fig. 3 , D and E). Virally challenging CSF-1-M did not result in significant changes to their gene expression of any of the examined IFNs ( Fig. 3 , A-E). Fv3 challenge completely abrogated the gene expression of IL-34-M ifn1 (Fig. 3A) and had no significant affect on ifn7, ifnx2, ifnx6, ifnx11, ifnx13, ifnx20, or ifnl4 gene expression ( Fig. 3 , B-E). By contrast, Fv3-challenged IL-34-Ms possessed significantly greater transcript levels of ifnl3 and ifnlx1/2 (Fig. 3 , D and E, respectively).
IL-34-Ms express greater levels of type I and type III IFN receptors than CSF-1-Ms
We previously demonstrated that IL-34-Ms are more responsive to type I IFN stimulation and inhibit Fv3 replication with greater efficiency than CSF-1-Ms (3). The type I IFN receptor complex comprises the ligand-binding IFNAR2 chain and the signal-propagating IFNAR1 chain (12) . Conversely, type III IFN receptor complex consists of a ligand-binding IFNLR1 chain and signal-propagating interleukin-10 receptor-2 (IL-10R2) chain (13, 14) . Because IL-34-M expressed greater levels of all examined IFN genes compared with CSF-1-M ( Fig. 3 , A-E), we next examined whether these cells also possessed greater gene expression of type I and III IFN ligand binding chains (ifnar2 and ifnlr1, respectively; Fig. 2F ). Notably, X. laevis possess two isoforms of the ifnar2 (ifnar2.1 and ifnar2.2), both of which were significantly more expressed in IL-34-M than in CSF-1-M ( Fig. 3F ). Following Fv3 challenge, IL-34-Ms displayed a robust and significant up-regulation of their ifnar2.1, IFNAR2.2, and IFNLR1 gene expression, whereas CSF-1-Ms exhibited a modest but significant expression increase in only the ifnar2.2 gene (Fig. 3F) .
IL-34-M-conditioned supernatants protect frog kidney epithelial cells from Fv3 infection
The kidneys of anuran amphibians represent a central target for Fv3 replication (30) . Because our results indicate that IL-34-Ms express greater levels of antiviral IFNs (Fig. 3 , A-E), we next examined whether co-incubation of the X. laevis kidneyderived, Fv3-susceptible epithelial cell line (A6) with IL-34-Ms or with the supernatants conditioned by these cells (and presumably containing IFNs) would grant A6 cells protection from Fv3. To this end, A6 cells were cultured with CSF-1-Ms, IL-34-Ms, or medium conditioned by these respective M populations and infected with Fv3 for 24 h, and Fv3 DNA loads were assessed (Fig. 4A) . IL-34-Ms (cultured without A6 cells) exhibited substantially reduced Fv3 loads compared with those seen in the CSF-1-M cultures (Fig. 4A) , confirming that IL-34-Ms are more resistant to Fv3 than CSF-1-Ms. Fv3-infected A6 cells co-cultured with IL-34-Ms exhibited modestly (not significantly) reduced Fv3 loads, compared with A6 cultured alone (Fig.  4A ). Most notably, A6 cells cultured with IL-34 M-derived supernatants possessed significantly reduced Fv3 loads compared with those seen in control Fv3-infected A6 cultures (Fig. 4A ).
IL-34-M-conditioned supernatants contain IFNs
The type I and type III IFNs of higher vertebrates signal through distinct receptor complexes but employ the same downstream signaling pathways, including the Janus kinase 1 (Jak1) and tyrosine kinase 2 (Tyk2) (30 -32) . Concomitantly, we recently showed that the antiviral effects of both X. laevis type I and type III IFNs could be pharmacologically inhibited with a Jak1/Tyk2 inhibitor, baricitinib (Bar) (21) . To test our hypothesis that the anti-Fv3 A6 cell protection conferred by IL-34-M-conditioned medium is due to the presence of IFNs within these supernatants, we cultured A6 cells with CSF-1-M-and IL-34-M-conditioned media, with or without Bar (Fig. 4B ). Bar inhibition of A6 cell IFN signaling significantly abolished the antiviral protection conferred by IL-34-M supernatants (Fig. 4B) , supporting the notion that the anti-Fv3 protection mediated by IL-34-M-derived supernatants is (at least in part) due to the presence of IFNs within these supernatants.
To confirm that the anti-Fv3 protection elicited by IL-34-M supernatants was mediated by antiviral IFNs, we examined the capacity of these supernatants to protect A6 cultures subsequent to their antisense morpholino (mo) knockdown of type I or type III IFN receptor chains (both isoforms of ifnar2.1/2.2 and ifnlr1; Fig.  4C ), which are responsible for binding of the respective ligands (33, 34) . Pretreating A6 cells with either ifnar2-mo or ifnlr1-mo significantly (but not entirely) reduced the anti-Fv3 protection offered by the IL-34-Ms (Fig. 4C) .
As a parallel approach to confirming the antiviral IFN content of IL-34-M supernatants, we produced the extracellular domains of IFNAR2 (isoform 1) and IFNLR1 in recombinant form (rAR2 and rLR1, respectively) and added these to the A6 cells cultured with IL-34-M supernatants to bind up any type I or III IFNs, thereby ablating any protection offered by these cytokines (Fig. 4D ). The addition of either rAR2 or rLR1 resulted in complete abolishment of the anti-FV3 protection offered by the IL-34-M supernatants to A6 cultures (Fig. 4D) .
Culturing A6 cells with either rAR2 or rLR1 alone had no effect on their Fv3 susceptibility (data not shown).
CSF-1-and IL-34-Ms may be counterpolarized
To discern whether CSF-1 and IL-34 could be functionally counterpolarized with IL-34 and CSF-1, respectively, CSF-1and IL-34-Ms were differentiated for 5 days and counter-stimulated for 24 h with IL-34 or CSF-1, respectively, and their IFN ligand and receptor gene expression was examined (Fig. 5,  A and B) . Akin to our earlier observations (Fig. 3, A-E) , IL-34-M exhibited consistently greater expression of all examined IFNs (ifn7, ifnx13, ifnlx1/2, and ifnl4) as compared with CSF-1-M (Fig. 5A) . Notably, CSF-1-M stimulated with IL-34 as well as IL-34-Ms treated with CSF-1 possessed ifn7, 
. Gene expression analysis of intron-containing and intronless type I and type III IFNs (IFN, IFNX, IFNL, and IFNLX, respectively) and their receptors in CSF-1-and IL-34-Ms. X. laevis bone marrow-derived CSF-1-and IL-34-Ms were challenged with Fv3 and examined for gene expression of ifn1
and ifn7 (A); ifnx2 and ifnx6 (B); ifnx11 and ifnx13 (C); ifnx20 and ifnlx1/2 (D); ifnl3 and ifnl4 (E); and ifnar2.1, ifnar2.2, and ifnlr1 (F). All expression was quantified relative to the gapdh endogenous control (n ϭ 5). Results are means Ϯ S.E. (error bars). *, statistical difference from respective CSF-1-Ms; * (above horizontal lines), statistical difference between the treatment groups denoted by the respective lines (p Ͻ 0.05).
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ifnx13, ifnlx1/2, and IFNL4 transcript levels comparable with IL-34-Ms (Fig. 5A ). Both CSF-1-Ms stimulated with IL-34 and IL-34-Ms treated with CSF-1 had significantly greater ifnar2.1 (but not ifnar2.2) gene expression levels than those observed in IL-34-or CSF-1-Ms (Fig. 5B) . By contrast, whereas the CSF-1-M stimulated with IL-34 had ifnlr1 transcript levels similar to those detected in IL-34-Ms, IL-34-Ms stimulated with CSF-1 had drastically decreased expression levels of this gene compared with IL-34-Ms (Fig. 5B ).
Discussion
Ms are integral to the physiology and immune defenses of all vertebrate species. Perhaps thus, many pathogens have coevolved to evade M immunity and utilize these cells toward their infection strategies. Ranaviruses such as Fv3 represent ecologically and commercially relevant viral pathogens that have espoused this strategy to thrive within their cold-blooded vertebrate hosts (3). Fv3 infects, persists, and disseminates within amphibian Ms (3, 35, 36) . Whereas Ms differentiated by CSF-1 are highly permissive to this Fv3, IL-34-Ms not only appear to be resistant to this virus, but may also represent a crucial effector subset in the defense against this pathogen (5, 6) . Presently, we show that the means of these cells' resistance to Fv3 infection and replication reflect their heightened expression of antiviral restriction factors, whereas their protective 5) . B, A6 cells were incubated for 3 h with medium conditioned by CSF-1-or IL-34-M cultures, with or without the Jak1/Tyk2 inhibitor (Bar or PBS, respectively), and infected with Fv3 (0.5 MOI) for 24 h, and Fv3 DNA viral loads were examined by absolute qPCR (n ϭ 5). C, A6 cells were transfected with antisense mo against ifnar2.1/2.2 or ifnlr1, incubated for 3 h with medium conditioned by IL-34-Ms, and infected with Fv3 (0.5 MOI) for 24 h before Fv3 DNA viral load analysis (n ϭ 5). D, A6 cells were co-incubated with recombinant extracellular domains of IFNAR2.1 (rAR2) or IFNLR1 (rLR1) and medium conditioned by IL-34-Ms for 3 h and infected with Fv3 (0.5 MOI) for 24 h before Fv3 DNA viral load analysis (n ϭ 5). Results are means Ϯ S.E. (error bars). * (above horizontal lines), statistical difference between the treatment groups denoted by the respective lines (p Ͻ 0.05).
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properties are attributed at least in part to their production of antiviral interferon cytokines.
Because the peritonea-derived, Fv3-resistant IL-34-Ms only exhibit greater expression of apobec2 than peritoneal CSF-1-Ms, this restriction factor may be particularly important to anti-Fv3 immunity. However, we emphasize that the differentiation of immune cells into distinct effectors results in lineage/ subset-specific activation of unique and often non-overlapping gene regulatory networks (37, 38) . In turn, it is this coordinated activation of specific repertoires of genes that grants those specialized cell types their respective functionally distinct capacities (37, 38) . We postulate that the functional differences between CSF-1-and IL-34-Ms reflect their unique M subset "programing." In turn, we propose that Ms differentiated by IL-34 are polarized toward a broad antiviral state through their expression of coordinated networks of genes related to antiviral defenses. Moreover, we suspect that the repertoires of these expressed genes far exceed those examined here, and the resistance of IL-34-Ms to Fv3 is conferred by potentially redundant or otherwise complementary mechanisms. This is supported by our observations that, while being highly resistant to Fv3 (6), frog peritonea-derived IL-34-Ms only express one of a subset of the (examined) restriction factors expressed by the bone marrow IL-34-Ms, as compared with the respective CSF-1-Ms. Moreover, we have previously shown that an elevated respiratory burst capacity of IL-34-Ms may also contribute to their Fv3 resistance (6) . Frogs presumably possess multiple distinct subsets of IL-34-Ms, all of which are presumably resistant to Fv3, but as the result of at least partially non-overlapping antiviral mechanisms. The antiviral efficacies of these frog IL-34-M subsets may reflect their heightened production of and autocrine stimulation by IFNs, their expression of antiviral genes (such as restriction factors, IFN-stimulated genes), and their robust respiratory burst responses and more than likely result from other immunological parameters that are not considered here.
Many aspects of M biology are interdependent on the activation of the colony-stimulating factor-1 receptor (39, 40) . Considering the array of functionally disparate M subsets described across vertebrates, it is intuitive that some of this heterogeneity would stem from differential ligation of this receptor. CSF-1 was known to add to this M functional diversity (41) , and the more recently discovered IL-34 cytokine appears to likewise aggrandize the M functional spectrum. The roles of IL-34 in vertebrate immunity appear to be complex and multifaceted, as this cytokine has been linked to the development of Langerhans cells (42, 43) , osteoclasts (44, 45) , B cellstimulating myeloid cells (46) , and microglia (42) . Moreover, IL-34 is produced by fibroblasts and synoviocytes of patients with rheumatoid arthritis (47) , and its absence is correlated with reduced synaptic loss and less severe associated memory impairment in West Nile virus-infected mice (48) , suggesting that IL-34-Ms have pro-inflammatory roles. The IL-34 produced during inflammatory responses has also been proposed to have anti-inflammatory roles (49) . This is supported by the recent observation that IL-34 is produced by T regulatory cells and contributes to transplant tolerance (50) . Our work using the amphibian X. laevis-Fv3 infection model indicates that the frog IL-34 is crucial to the development of an antiviral M subset, and the absence of proper IL-34 production by amphibian tadpoles may be an important underlying cause of their greater susceptibility to this pathogen (5) . It will be interesting to learn whether the antiviral properties of IL-34 -derived Ms are conserved across vertebrate species or represent an amphibian phenomenon.
Our results clearly indicate that IL-34-Ms are significantly more resistant to Fv3 infection and viral replication than CSF-1-Ms. We propose that a significant source of this resistance is the IL-34-M expression of antiviral restriction factors. Notably, cellular resistance to viral replication is marked by expression of antiviral restriction factors (24 -27) , such as those upregulated by IL-34-Ms and including apobec (51) and trim (52) family members, samhd1 (53) , and ctcf (54) . Each of these gene products represents a barrier at a distinct step in viral replication, so the relative magnitudes of CSF-1-and IL-34-M 
expression of these genes probably contribute to their respective susceptibility and resistance to Fv3.
It is noteworthy that whereas CSF-1-Ms supported greater expression of Fv3 IE, E, and L genes, these cells had particularly high expression of the Fv3 93L late gene compared with IL-34-Ms. Although the functional roles of the 93L gene product await elucidation, it is tempting to speculate that the resulting protein may have an important role in immune evasion and/or viral dissemination. It will be interesting to learn with further studies whether CSF-1-M susceptibility to Fv3 is somehow related to the elevated 93L gene expression within these cells.
Our past work indicates that administration of IL-34 to tadpoles and adult frogs confers significant anti-Fv3 protection and reduces animal viral loads (5, 6) , whereas our present findings indicate that IL-34-M-conditioned supernatants possess factor(s) that render the frog A6 kidney epithelial line considerably more resistant to Fv3. Concomitantly, type I and type III IFNs are key mediators of vertebrate antiviral defenses (7, 9 -11) , whereas amphibians encode highly expanded repertoires of phylogenetically distinct type I and type III IFNs (17, 18) . In this respect, it is particularly compelling that IL-34-Ms express significantly greater levels of type I and III IFN genes belonging to these diverse clades as well as their cognate receptors. Moreover, it appears that the A6 cell anti-Fv3 protection offered by IL-34 -conditioned medium depends on IFN signaling, supporting our hypothesis that this M population offers antiviral protection by production of these antiviral cytokines. It will be interesting to learn the roles of the respective IFNs in amphibian antiviral immunity and the in vivo contexts in which IL-34-Ms produce these mediators.
The lack of X. laevis CSF-1-and IL-34-M-specific markers has precluded the investigation of the roles of these cells in vivo. However, it is notable that IL-34 gene expression is higher than that of CSF-1 in the frog spleen tissues (5) , suggesting that IL-34 may be more prominently involved in the frog innate and possibly adaptive immune defenses. The tadpoles of anuran amphibians are more susceptible to and die from Fv3, whereas adult frogs also suffer from productive infections but are usually able to clear these pathogens (19, (55) (56) (57) (58) . The tadpole and adult frog kidneys are a central site of Fv3 replication (35, 36) , and during FV3 infections, adult frogs up-regulate their kidney expression of both csf-1 and il-34 genes, whereas Fv3-challenged tadpoles increase their kidney csf-1 but not il-34 gene expression (5) . Thus, the adult frogs presumably produce both the Fv3-susceptible CSF-1-Ms and the antiviral IL-34-M in response to viral challenge, whereas the failure of tadpoles to mount an IL-34 response and hence generate IL-34-Ms may contribute to their Fv3 susceptibility.
Whereas Ms represent the foundation of vertebrate immunity, the mechanisms controlling the ontogeny of the many functionally disparate M subsets seen across vertebrata await elucidation. Presently, we demonstrate that CSF-1-and IL-34-M growth factors contribute to this functional spectrum by producing virally susceptible and resistant effector subsets. We believe that further insight into the functional dichotomies of CSF-1-and IL-34-Ms will not only permit greater understanding of the facets of amphibian susceptibility and resistance to ranaviruses, but will also grant a more comprehensive view of vertebrate M-pathogen interactions.
Experimental procedures
Animals
Out-bred adult X. laevis were purchased from Xenopus1 and housed and handled under strict laboratory and institutional animal care and use committee regulations.
Recombinant cytokines and cytokine receptors, A6 cell and M culture media, and conditions
The production of recombinant X. laevis cytokines, isolation and culture of bone marrow Ms, and maintenance of A6 cells were performed as described previously (6, 20, 59) . The generation of recombinant extracellular domains of IFNAR2 and IFNLR1 was achieved using the same methodology described previously (6, 20, 59) . Bone-marrow IL-34-and CSF-1-M were generated by incubating 10 4 X. laevis bone marrow cells with 250 ng/ml recombinant CSF-1 or IL-34 in individual wells of 96-well plates for 5 days, with a second respective cytokine treatment added on the third day of culture. During reciprocal differentiation experiments, Ms were differentiated with CSF-1 or IL-34 as above and on the fifth day of culture, washed, and incubated with 250 ng/ml of the reciprocal cytokine for an additional 24 h. For A6 cell protection experiments, 10 4 A6 cells were incubated with CSF-1 or IL-34 Ms or supernatants derived from these cultures for 3 h before a 24-h Fv3 challenge (multiplicity of infection (MOI) ϭ 0.5). Peritonea-derived IL-34-and CSF-1-Ms were generated as described previously (6) .
Morpholino targeting of IFNAR1 and IFNLR2
Translation-blocking mo, specific for the X. laevis ifnar2 (mo 5Ј-CAGCAGAAGACACAGCCCTGCCATG-3Ј; targets both isoforms 2.1 and 2.2) and ifnlr1 (5Ј-GCCCAGGTGAACCA-GACAGACATAT-3Ј) were designed by and purchased from GeneTools, LLC and introduced into A6 cells using the Endo-Porter PEG reagent according to the manufacturer's directions (GeneTools, LLC).
Quantitative gene expression analysis
RNA and DNA isolation, cDNA synthesis, M and Fv3 gene expression, and Fv3 DNA load analyses were performed as described previously. All primers were validated before use, and all primer sequences are listed in Table S1 .
Statistical analysis
All data were examined using analysis of variance and Student's t test (Prism, GraphPad Software, La Jolla, CA); p Ͻ 0.05.
